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Abstract
We report the measurement of optical isotope shifts for 40−44Ar relative to 38Ar from which
changes in the mean square nuclear charge radii across the 1f7/2 neutron shell are deduced. In
addition, the hyperfine structure of 41Ar and 43Ar yields the spins, magnetic dipole and electric
quadrupole moments, in particular the spin I = 5/2 for 43Ar. The investigations were carried
out by fast-beam collinear laser spectroscopy using highly sensitive detection based on optical
pumping and state-selective collisional ionization. Mean square charge radii are now known from
32Ar to 46Ar, covering sd-shell as well as f7/2-shell nuclei. They are discussed in the framework of
spherical SGII Skyrme-type Hartree-Fock calculations, semi-empirically corrected for quadrupole
core polarization. The Zamick-Talmi formula excellently describes the charge radii across the f7/2
neutron shell, as it does for the neighbouring elements. The new data on Ar, in addition to those
on K, Ca and Ti, provide an extended overview of nuclear radii trends around Z = 20 and between
N = 20 and N = 28. Characteristic features are discussed, the most striking being the absence of
any isotopic shell effect in the radii at N = 20.
Submitted to Nucl. Phys. A
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I. INTRODUCTION
Laser spectroscopy measurements of isotope shift and hyperfine structure were already
performed on an extended chain of (mainly neutron-deficient) argon isotopes including
32−40Ar and 46Ar [1]. The results comprise changes in mean square (ms) nuclear charge
radii for the neutron numbers from N = 14 to 22 and for N = 28, as well as magnetic dipole
and electric quadrupole moments of the odd-A isotopes. In the context of a systematics of
radii in the calcium region (Z ≈ 20), these results gave first information on nuclei reaching
far into the sd shell.
For the Ca isotopes between N = 20 and 28 the charge radii [2] are characterized by a
parabolic A-dependence with a maximum in the middle of the f7/2 neutron shell, superposed
by a large odd-even staggering. Surprisingly, the two doubly-magic nuclei 40Ca and 48Ca have
the same ms charge radius. These peculiarities have been ascribed to changes of dynamic
deformation of different orders [2, 3], assuming that the volume of the nuclear charge remains
constant. A more recent shell model description [4], including all configurations of nucleons
in the 2s1/2, 1d3/2, 1f7/2 and 2p3/2 orbits, reproduces rather well these characteristic features.
To understand the role of the proton magic number Z = 20 for the particular behaviour
of the Ca radii, it will be instructive to gather similar data also on the isotopic chains of
neighbouring elements. Already a comparison of existing data reveals differences that are
quite unusual for the systematics of nuclear radii. For example, the symmetric parabolic
curve describing the radii of the Ca isotopes between N = 20 and 28 as well as the odd-
even staggering are much less pronounced for the neighbouring odd-Z element potassium
[5]. Recent data on the titanium isotopes [6] show a continuous decrease of the charge radii
from N = 22 to 28, while our previous results on the Ar isotopes [1], covering the upper
sd shell, but only part of the f7/2 shell, indicate a general trend of radii increasing towards
N = 28. In this context it appears important to extend the measurements of Ar radii to the
neutron-rich isotopes in the f7/2 shell.
More complete data on Ar will help to clarify whether the differences between Ca and
K should be ascribed to an odd-even effect in the proton number, and what else may be
responsible for the exceptional situation in the neighbourhood of Z = 20. Characteristic
features to be examined include the symmetry of the charge radii with respect to the neutron-
shell closures N = 20 and 28, the amplitude of the mid-shell maximum and the odd-even
2
staggering. Also the shell closure effect on the radii at N = 28, which is clearly pronounced
for Ca [7] and Cr [8], should be studied below Z = 20. As already discussed in [1, 6], a
more complete picture may shed light on the unexplained phenomena and reveal details of
the proton-neutron interaction under the influence of the Z = 20 shell closure.
The Ar isotopes investigated in the present paper, 38Ar and 40−44Ar, together with those
studied earlier, 39Ar and 46Ar [1], cover the whole f7/2 shell with the exception of
45Ar. The
information on nuclear charge radii and moments is obtained by measuring isotope shifts
and hyperfine splittings in the optical spectra of neutral argon atoms (Ar i). For low-Z
elements, the isotope shift is largely dominated by the mass shift arising from the change in
the nuclear recoil energy with the neutron number. The field shift, providing information
about the changes in ms charge radii, is a small effect. This, in combination with low
radioisotope production rates, requires high sensitivity and spectroscopic accuracy. The
applied experimental techniques, briefly described in Section 2, have proven to meet these
requirements. The results are presented in Section 3, and the measured nuclear moments
and radii are discussed in Section 4. Section 5 gives an overview on the present status of
the systematics of ms nuclear charge radii in the calcium region.
II. EXPERIMENTAL
A. Sensitive laser spectroscopy on argon isotopes
The experiments were performed at the ISOLDE on-line isotope separator [9] using the
1.4 GeV proton beam of the CERN PS-Booster synchrotron. Radioactive neutron-rich Ar
isotopes were produced in spallation reactions of the type ATi(p, 5pxn)A−4−xAr by irradi-
ating a titanium oxide target. With the natural abundance of Ti isotopes in the target
material (74% of 48Ti), the production of isotopes close to stability (A ≤ 44) is strongly
favoured. A water-cooled transfer line connects the target to a plasma ion source from which
the ions are extracted and electrostatically accelerated to 60 keV.
The isotope shift and hyperfine structure measurements were carried out by collinear fast-
beam laser spectroscopy combined with highly sensitive ion detection of optical resonance (as
described in detail in [1]). The experimental setup is shown in Fig. 1. The mass-separated
ion beam is superimposed collinearly on the beam of a cw Ti:sapphire laser pumped by an
argon-ion laser. The ions are then neutralized by charge exchange in a potassium vapour
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cell. A near-resonant charge-exchange reaction favours the population of the 3p54s[3/2]2
metastable state in Ar i. The transition 3p54s[3/2]2 → 3p54p[3/2]2 at the wavelength of
λ = 763.7 nm, used to pump the atoms from the 3p54s[3/2]2 metastable state to the 3p
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ground state, is suitable for probing the nuclear structure. The resonant excitation and the
decay to the ground state via the intermediate 3p54s[3/2]1 or 3p
54s′[1/2]1 state are shown
in the partial atomic level scheme of Ar i given in [1].
A non-optical detection method, based on state-selective collisional ionization, is used to
discriminate between atoms leaving the optical excitation region either in the metastable
or in the ground state [10, 11]. The beam passes through a differentially pumped chamber
containing gaseous Cl2 at a pressure of 10
−3 mbar, where the neutral argon atoms are partly
re-ionized in collisions with the Cl2 molecules. The ions created here are separated from
the remaining neutral beam by an electrostatic deflector and guided to a metallic tape in
front of a secondary electron multiplier. Radioactivity background on the direct counting
of ions is avoided by moving the tape. As the ionization process is favoured for atoms in
the metastable state, optical pumping to the ground state lowers the ionization efficiency,
and the resonances appear as flop-out signals in the ion count rate. The sensitivity reached
with this method is several orders of magnitude higher than that of standard fluorescence
photon detection techniques (see [1]).
B. Frequency (voltage) calibration and data taking
In collinear laser spectroscopy high resolution is achieved due to the narrow velocity
distribution of ions in a beam formed by electrostatic acceleration [12]. The laser frequency
is locked to a fixed value νL. Tuning the Doppler-shifted optical frequency in the rest frame
of the atoms just requires a change of the ion-beam velocity. This is achieved by applying
a computer-controlled electrical potential to the charge-exchange cell. The position of an
atomic resonance is then determined by the total kinetic energy of the atoms (in the range of
60±10 keV) when they are at resonance with the laser frequency. This resonance frequency
is connected to the laser frequency νL via
ν0 = ν(β) = νL
1∓ β√
1− β2 , (1)
where the −(+) sign denotes the situation of atomic and laser beams propagating in the












FIG. 1: Schematic of the collinear laser spectroscopy setup and experimental spectrum of the
hyperfine structure of 43Ar measured by ion counting.










According to eqs. (1) and (2), the differences between the absolute Doppler shifts of two
Ar isotopes with neighbouring masses at a constant acceleration voltage of about 60 kV
are of the order of 10 GHz. As shown in [1], the nuclear volume effect of the isotope shift
is of the order of 10 MHz or even smaller, i.e. it appears as a small effect on top of the
large difference in the Doppler shift. Measuring a 10−3 effect requires a relative precision of
at least 10−4. Thus, the main problem in extracting high-accuracy information on nuclear
radii from the isotope shift in light elements is connected to the precision to which the total
kinetic energy of the beam can be determined.
This problem was tackled by using a method for which no additional high-precision
instrumentation is necessary [13]. It is based on the excitation of two optical transitions,
separated by about twice the Doppler shift, at the same laser frequency in collinear and anti-
collinear laser beam geometry without changing the static part of the acceleration voltage.
The atomic spectrum of neon offers a pair of suitable transitions, 3s[3/2]2 → 3p′[3/2]2
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and 3p′[3/2]1 with wave numbers of 16816.66 cm
−1 and 16730.27 cm−1, respectively, for
calibrating beam energies of about 60 keV. As both transitions for 20Ne serve as secondary
wavelength standards, their frequencies are known very accurately, and the kinetic energy
of the atoms in the beam can be calculated to less than 1 eV from the resonances recorded
within a narrow range of the Doppler-tuning voltage. As also the isotope shifts are known
for both transitions, one can use the same procedure for 22Ne and calibrate the reading
of the Doppler-tuning voltage. With this accuracy the systematic uncertainties of isotope
shifts between two neighbouring Ar isotopes (see Table 3) are smaller than 1 MHz.
For testing the stability of the beam energy, two sets of calibration measurements on
stable neon isotopes were performed before and after the measurements on argon. During
the run of two days, the reading of a precision voltmeter connected to a temperature-
stabilized voltage divider was used to determine the actual beam energy entering into the
analysis of a particular measurement. Additionally, before and after each measurement on a
radioactive isotope, resonances of two stable reference isotopes, 38Ar and 40Ar, were recorded
using fluorescence detection. The voltage U corresponding to the resonance of 38Ar serves as
a reference for the determination of frequency differences δν in the rest frame of the atoms
yielding isotope shifts and hyperfine structures. The stability of the 38Ar resonance position,
as well as the distance to the resonance of the second reference isotope, provide an on-line
test for the stability of the laser frequency and the high voltage.
The example of a recorded spectrum is shown in the inset of Fig. 1. As can be seen,
most hyperfine structure components are well resolved. The resonances were modelled by a
convolution of a Lorentzian profile with an exponential function which was found to describe
the line shape most adequately [12].
III. RESULTS
A. Hyperfine structure and electromagnetic moments
For the odd-A isotopes, the nuclear spins I and the magnetic dipole and electric
quadrupole coupling constants A and B of both states, 4s[3/2]2 and 4p[3/2]2, were obtained
from the hyperfine structure spectra using a least squares fitting procedure. The resulting
values of A and B are compiled in Tables 1 and 2. In the case of 43Ar it is found that the
hyperfine structure intervals and relative amplitudes of the resonances firmly establish the
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(previously ambiguous [14]) spin as I = 5/2.
The procedure of evaluating the magnetic moments of the odd-A isotopes from the
A-factors is the same as that in the previous work on neutron-deficient Ar isotopes
[1]. The magnetic moments were obtained with reference to the NMR measurement on
37Ar performed by Pitt et al. [15], µ(37Ar) = 1.145(5)µN and the previously measured
A(4s[3/2]2) = 482.1(3) MHz. The extracted moments are corrected for diamagnetic shield-
ing according to [16, 17] and are included in Table 1.
Also following [1], the spectroscopic quadrupole moments Qs were calculated using the
calibration factor
B(4s[3/2]2)/Qs = −1.01 MHz/mb . (3)
This factor was derived from the magnetic hyperfine structure constant ap3/2 = 419 MHz of
the p3/2 hole in
37Ar, according to a Breit-Wills analysis performed for the 4p55s configura-
tion. The results are presented in Table 2.
TABLE I: A-factors and magnetic moments of the odd-A argon isotopes in the f7/2 shell. Hyperfine
structure anomaly effects are negligible compared to the errors of the magnetic moments given by
the statistical errors of the A-factors and the error of the reference moment. Values for 39Ar
are taken from [1]. For comparison, the magnetic moments of the calcium isotones (see [16] and
references therein) are given as well.
I A(4s[3/2]2) A(4p[3/2]2) µ/µN I µ/µN
MHz MHz
39Ar 7/2 -286.1(1.4) – -1.588(15) 41Ca 7/2 -1.59478(1)
41Ar 7/2 -236.2(4) -132.7(4) -1.309(8) 43Ca 7/2 -1.317643(7)
43Ar 5/2 -257.9(3) -145.6(7) -1.021(6) 45Ca 7/2 -1.3274(14)
The evaluation of electromagnetic moments was based on the hyperfine coupling constants
of the metastable atomic 4s[3/2]2 level, since for this level the measured A- and B-factors
for 41Ar and 43Ar as well as the reference values for 37Ar are more accurate.
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TABLE II: B-factors and electric quadrupole moments of the odd-A argon isotopes in the f7/2
shell. The additional error of 10% for the quadrupole moments (given in square brackets) accounts
for the uncertainties in the evaluation of the electric field gradient of eq. (3) and is assumed to
include the missing Sternheimer shielding correction. Values for 39Ar are taken from [1].
I B(4s[3/2]2) B(4p[3/2]2) Qs
MHz MHz mb
39Ar 7/2 118(20) – -117(20)[12]
41Ar 7/2 42.1(1.4) 22.7(1.7) -42(1)[4]
43Ar 5/2 -143.4(1.6) -75.0(2.3) +142(2)[14]
B. Isotope shifts and mean square nuclear charge radii
The isotope shifts in the investigated transition 4s[3/2]2 → 4p[3/2]2, evaluated for 40−44Ar
relative to 38Ar, are listed in Table 3. The statistical errors arising from the uncertainty
of the resonance positions (even-A isotopes) or the positions of center of gravity (odd-A
isotopes) are given in parentheses. The errors in square brackets are systematic errors (this
notation will be followed throughout the paper). They include mostly the errors arising
from the uncertainty of the acceleration voltage calibration and a small contribution due
to the uncertainties of nuclear masses, the values of which were taken from [18]. Because
of the accurate determination of the kinetic energy of the atoms, these isotope shifts were
measured with a considerably (about 7 times) lower systematic uncertainty than in [1].
The isotope shift consists of the field shift, δν38,AFS , which is proportional to the change
of the ms nuclear charge radius and the dominating mass shift, δν38,AMS , accounting for the
recoil energy due to the finite mass of the nucleus:




Here, the usual sign convention δν38,A = νA − ν38 is adopted. The electronic factor F
for the investigated optical transition is calculated following the established semi-empirical
procedure and is given by [1]
F = −104[10] MHz fm−2 . (5)
The field and mass shifts in eq. (4) are separated by using empirical information. This is
based on the knowledge of the differences between the ms nuclear charge radii of the stable
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TABLE III: Isotope shifts and changes in ms nuclear charge radii. For the explanation of errors,
see text.
A T1/2 δν
38,A (MHz) δ〈r2〉38,A (fm2)
32 98 ms -881.5(4.0) [13.0] a -0.375(38) [96]
33 174 ms -703.2(2.1) [10.5] a -0.395(21) [87]
34 844 ms -552.6(0.7) [8.2] a -0.251(6) [62]
35 1.78 s -394.4(2.7) [5.9] a -0.263(26) [53]
36 stable -267.5(1.8) [0.6] b -0.084(18) [29]
-265.4(0.4) [3.9] a -0.082(4) [26]
37 35.0 d -124.2(1.1) [1.9] a -0.081(9) [17]
38 stable 0 0
39 269 y 122.4(7.0) [1.8] a 0.044(67) [12]
40 stable 231.7(0.9) [0.5] 0.167(9) [35]
229.5(0.4) [3.5] a 0.169(4) [33]
41 1.82 h 349.1(1.2) [0.7] 0.151(12) [43]
42 32.9 y 447.4(1.3) [1.3] 0.262(12) [62]
43 5.37 m 556.7(1.4) [1.8] 0.221(14) [66]
44 11.9 m 649.6(0.9) [1.6] 0.289(9) [81]
46 8.4 s 835.2(2.3) [12.4] a 0.237(22) [78]
aIsotope shifts measured by Klein et al. [1]. The corresponding ms charge radii changes were evaluated
consistently, but their systematic uncertainties are independent of the systematic errors of the present data.
bReevaluated from the earlier measurement [1] (see text).
isotopes,
δ〈r2〉38,36 = −0.082(10)[8] fm2 and δ〈r2〉38,40 = 0.171(11)[16] fm2 .
The quoted values were deduced from the model dependent nuclear charge radii derived
from muonic atom spectra as compiled by Fricke et al. [19]. With two independent values
for δ〈r2〉38,A and the corresponding isotope shifts, the mass shift constant MMS was obtained
using eq. (4) and adopting the electronic factor given in eq. (5). The isotope shift δν38,36
(see Table 3) was reevaluated from the previous measurement [1], to be consistent with the
results of the voltage calibration method used here. For this reason its absolute value and
error differ slightly from those given in [1]. With this revised value and the more accurate
δν38,40 from the present experiment (see Table 3), the mass shift constant
MMS = +189.0[1.9] GHz u (6)
is deduced. The error ofMMS is dominated by the uncertainties of the muonic atom data and
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of the semi-empirical electronic factor, and it contains the voltage calibration uncertainties
giving rise to the overall systematic error of the isotope shifts. The specific mass shift part,
−24.8[1.9] GHz u, of the total mass shift (6) is in good agreement with the value quoted in
[1].
As shown in [1], because of the similar mass dependence of the mass isotope shift and
the systematic error arising from the voltage calibration, the latter has negligible influ-
ence on the field shift evaluated on the basis of the experimental values δ〈r2〉38,36 and
δ〈r2〉38,40. This means, we obtain δ〈r2〉 by applying eq. (4) with the effective constant
MMS
′ = +189.0[1.5] GHz u in which the voltage error is omitted.
The uncertainty of δ〈r2〉 derived from the measured isotope shifts is then determined by
(i) the statistical errors of the isotope shifts and (ii) the remaining systematic uncertainties
arising from the errors of the scaling factors (5) and (6), and a small contribution from the
mass uncertainties in the Doppler shifts. The data for δ〈r2〉38,A are compiled in Table 3
and plotted in Fig. 2. Statistical and systematic errors are given separately, the latter only
influencing the overall scaling. As can be seen, the ms charge radii tend to increase with




The magnetic moments of the Ar isotopes with unpaired neutrons in the f7/2 shell deviate
considerably from the corresponding single particle value µsp = −1.91µN . There is a large
number of theoretical papers (see e.g. [21–23]) dealing with fp-shell nuclei and giving
shell-model predictions of different nuclear structure parameters including electromagnetic
moments, in particular those of Ca, Sc and Ti isotopes in the mass region A = 41-49. So
far, with the exception of 39Ar, there are no published predictions of the electromagnetic
moments of Ar isotopes in the f7/2 shell. The calculations for
39Ar [1] were based on an
effective interaction which is applicable to nuclei with active valence nucleons in both the
2s1d and 2p1f major shells [24]. With free-nucleon g-factors, the theoretical prediction is
µ(39Ar) = −1.743µN , while a calculation based on the effective sd M1 operator from [25]
and effective fp M1 operator from [23] gives µ(39Ar) = −1.436µN . As can be seen from
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FIG. 2: Changes in ms charge radii versus neutron number for the Ar isotopes in the f7/2 shell.
Experimental data are represented by open circles and the error bars represent statistical errors; the
two enveloping lines indicate the systematic uncertainty. Results of the spherical HF calculations
[1] are given in full triangles. For the even-A isotopes the values corrected for quadrupole core
polarization are indicated by full circles. The dashed line represents a fit to the Zamick [20]
formula.
Table 1, the experimental value lies in between the free and effective operator results and
is nearly equal to the magnetic moment of 41Ca. It is remarkable that the experimental
magnetic moments of 41Ar and 43Ca also coincide within the error limits. All these nuclei,
39,41Ar and 41,43Ca, have the spin I = 7/2, which corresponds to a normally coupled f7/2
n
configuration. Closing the open sd shell of the Ar isotopes by adding two protons has very
little influence on the magnetic moments whose deviation from the Schmidt value is ascribed
to an admixture of 2p3/2 to the 1f7/2 configuration, as shown in [26].
A difference is expected between the magnetic moments of 43Ar and 45Ca. While 45Ca
again has the spin I = 7/2, the spin I = 5/2 of 43Ar may be assigned to an anoma-
lously coupled (f7/2
5)5/2 configuration. In this case one should compare the g-factors,
g(45Ca) = −0.3793(4) and g(43Ar) = −0.4084(32), which differ by the contribution of
admixed configurations. Both values can be compared to a shell-model calculation [26]
performed for the lowest states of 45Ca, yielding g(7/2) = −0.434 and g(5/2) = −0.432 with
free-nucleon M1 operators or g(7/2) = −0.361 and g(5/2) = −0.359 with effective M1 oper-
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ators. Again both experimental values for 45Ca and 43Ar lie in between the free-nucleon and
effective operator predictions, but they differ much more from each other than the nearly
identical theoretical values for the two states in 45Ca.
The measured spectroscopic quadrupole moments follow the trend predicted by the shell
model [27]. With an increasing number of neutrons in the f7/2 shell they change gradually
from negative to positive values, changing sign when the shell is about half-filled.
B. Nuclear shape and radii
Well beyond the statistical errors the evolution of the ms charge radii of the Ar isotopes in
the f7/2 shell is characterized by (Fig. 2): (i) a parabolic trend on top of a monotonic increase
of the radii with neutron number and (ii) a pronounced ‘normal’ odd-even staggering effect.
The parabolic part is symmetric to the mid-shell neutron number N = 24. These features
are insensitive to systematic uncertainties affecting only the overall scale of the changes in
ms charge radii.
A suitable approach for discussing this behaviour of the radii is the Talmi-Zamick-formula
[20, 28]. The Talmi-Zamick model provides a quantitative, shell-model based description of
the charge radii of the Ca isotopes between N = 20 and N = 28. It assumes mixing of the
pure |Icore = 0 ⊗ f7/2n(I0); I = I0〉 shell model states with core-excited states of the type
|Icore = 2 ⊗ f7/2n(I1); I = I0〉, meaning that νf7/2n couples to a presumably deformed core
state. For n neutrons occupying the f7/2 shell the ms radius of the proton distribution is
expected to change according to the expression [20]:








where [n/2] = n/2 for even n and [n/2] = (n−1)/2 for odd n. This formula was obtained in
analogy with the formula for the binding energies [29]. In Zamick’s approach, the parameter
C expresses the one-body part of the effective charge radius operator, α includes the two-
body part and β accounts for the odd-even effects. The main contribution to the odd-even
effect is ascribed to quadrupole and higher even-order core polarization [28].
Formula (7) was derived for the ms charge radii of nuclei with only neutrons (or only
protons) outside a closed shell. Nevertheless, it has often been empirically generalized,
for example by Wohlfahrt et al. [30], and used to fit the trends of radii in other isotope
chains. Thus, it seems reasonable to examine how well Zamick’s formula (7) describes
12
the experimentally measured ms charge radii of the Ar isotopes between N = 20 and 28.
The parameters C, α and β can be determined by a fit to the radii of 39−44Ar and 46Ar.
With the parameters given in Table 4, the calculated changes in ms charge radii reproduce
nearly perfectly all experimental values (see Fig. 2). A remarkable aspect of this agreement
is the consistent description of odd-mass and even-mass nuclei. Nevertheless, a qualitative
parametrization without a model prediction for the parameters is unsatisfactory. Intuitively,
the behaviour of δ〈r2〉 should be dominated by collective effects like static and dynamic
nuclear deformation which in formula (7) are implicitly contained as the two-body part of
radius operator.
TABLE IV: Fitted values of the parameters C, α and β of eq. (7). For Ar isotopes the source data
are δ〈r2〉38,A from Table 3. The parameter values for the neighbouring elements K, Ca and Ti are
calculated using source data from the original papers cited in the text.
Element Z C (fm2) α (fm2) β (fm2)
Ar 18 0.032(5) -0.018(1) 0.119(13)
K 19 0.034(8) -0.012(1) 0.047(18)
Ca 20 0.005(20) -0.032(4) 0.214(49)
Ti 22 -0.018(18) -0.023(3) 0.159(43)
An alternative approach takes into account more explicitly the role of configuration mix-
ing within the sd proton shell as well as the role of collective effects. For argon (Z = 18)
the pi1d5/2 orbit is essentially closed and only the pi1d3/2 and pi2s1/2 states can be considered
active. The behaviour of these orbits depends on whether the neutrons occupy an open
sd shell or an open fp shell [31]. For the neutron-rich isotopes, when the neutrons begin
to fill the fp shell, the pi1d3/2 and pi2s1/2 states become more and more degenerate, thus
inducing strong mixing of the wave functions and influencing the evolution of the nuclear
charge radius. Calculations of the ms charge radii of the argon isotopes, 32−48Ar, taking
into account the interplay of both proton states have been performed by Klein et al. [1].
They are based on a spherical Hartree-Fock approach with the SGII Skyrme interaction
from [32]. For the mass region investigated in the present work, a comparison between the
predicted and measured radii is presented in Fig. 2. As can be seen, the calculation predicts
a general increase of the radii between the neutron-shell closures N = 20 and N = 28, but
fails to reproduce the parabolic shape of the curve and misses completely the pronounced
13
odd-even effect. On the other hand, it reproduces very well the difference δ〈r2〉38,46 between
the closed-shell nuclei.
A spherical Hartree-Fock approach is justified by the fact [33] that nuclei whose mass
numbers do not deviate very much from the closed-shell configuration stay at least in their
ground states spherically symmetric. When filling more nucleons into the shell, one enters a
region in which deformation effects become important, reaching a maximum in the middle of
the shell. Hence, part of the discrepancy between theory and experiment can be attributed to
quadrupole core polarization, phenomenologically represented by the ms deformation 〈β2〉.
The ms quadrupole deformation 〈β22〉 for even-A argon isotopes is calculated from the
reduced transition probability B(E2; 0+ → 2+), using the Kumar [34] relation which relies
on empirical information without assuming any specific nuclear model. B(E2) values are
taken from the compilation [35], the ms charge radii are obtained by combining our data
on δ〈r2〉 from Table 3 with absolute values of 〈r2〉1/2 from [19]. The deformation 〈β22〉1/2
reaches a maximum just in middle of the f7/2 neutron shell, while for the magic N = 20 it
is very small.
Using this information from B(E2) values, one can make a semi-empirical correction to
the Hartree-Fock predictions for the changes of radii, according to the relation





where the parameters βi account for both static and dynamic multipole deformations of
the order i ≥ 2 of which only the dominant β2 is taken into account. The results for the
corrected theoretical ms charge radii are displayed in Fig. 2. Now, the trend is changed from
a nearly linear dependence predicted by the spherical model to a structure very similar to
the experimental one. This clearly indicates a correlation between changes of the nuclear
radii and the phenomenological 〈β22〉 values.
As pointed out by Klein et al. [1], it is difficult to derive and to apply in a consistent
manner a similar shape correction to the Hartree-Fock radii of the odd-A isotopes, which
would be particularly interesting for a quantitative understanding of the odd-even staggering.
V. NUCLEAR CHARGE RADII IN THE CALCIUM REGION - OVERVIEW
The present investigation of nuclear radii changes along the chain of f7/2-shell Ar (Z =
18) isotopes complements the published results [1] on neutron-deficient sd-shell isotopes.
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Together with the data from earlier laser spectroscopy experiments on 38−47K [5], 39−50Ca
[2, 7, 36] and more recent ones on 44−50Ti [6] they may be compiled to a more global survey
of the charge radii in the calcium region. This is based on the combination of two types
of experimental data. For stable isotopes of Ar, K, Ca and Ti, the absolute charge radii,
〈r2〉1/2, are taken from electron scattering and muonic atom spectroscopy measurements.
Sources for these absolute values of 〈r2〉1/2 are the model independent data of [30] and [37].
For the muonic atom data on Ar [19] we have to rely on model dependent values, taking into
account the model error. Now for all unstable isotopes investigated by laser spectroscopy,
absolute values of ms nuclear charge radii are obtained by adding the differences δ〈r2〉 as
evaluated from the measured isotope shifts. Using the combined information, 〈r2〉 and
δ〈r2〉, for several stable isotopes improves the accuracy of all absolute radii by the involved
averaging procedure [38].
We will concentrate the discussion on three aspects of these compiled experimental data.
First, the isotopic variations 〈r2〉N for constant proton number are compared between the
isotope chains of the different elements (Fig. 3). Then, the isotonic variations 〈r2〉Z are
compared between the chains of isotones for the neutron numbers from N = 22 to 28
(Fig. 4). Finally, characteristic features of the odd-even staggering effect are shown for the
ms charge radii as a function of the neutron number (Fig. 5).
A striking difference is obvious from the comparison of Fig. 3 and Fig. 4: The slope of the
isotonic curves, 〈r2〉Z , is considerably steeper than that of the isotopic curves, 〈r2〉N . This
feature is common for the global systematics of charge radii [38]. It has been pointed out
and discussed in connection with the radii around Z = 50 [39, 40] and can be understood in
terms of the additional Coulomb interaction between protons compared to the interaction
between neutrons.
It is evident from Fig. 3 that the pronounced symmetric parabolic curve describing the
Ca radii between N = 20 and 28 is modified considerably for both the lower-Z and the
higher-Z neighbouring isotope chains. Away from the magic proton number, the parabola
flattens out and an additional slope appears which is positive in sign for Z < 20 and negative
for Z > 20. Such a behaviour is quite unusual within the systematics of data collected for
the shell closures N = 50, 82 and 126 in the neighbourhood of Z = 50 and 82 [8, 38, 40].
In those regions the overall slope is nearly unaffected by the proton number, while only
the neutron-shell effect (i.e., a kink in the 〈r2〉N curve) increases gradually with distance
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FIG. 3: Mean square nuclear charge radii versus neutron number for the isotopes of Ar, K, Ca, Ti
and Cr.
from the magic proton numbers. It seems that the different nature of the shell closures and
the proton-number dependence of the neutron-shell gaps for N = 20 and N = 28 in the
neighbourhood of Z = 20 are responsible for such an exceptional situation.
A striking characteristic of the isotopic systematics of Fig. 3 is most conspicuous for
the Ar radii reaching far into the sd shell. Unlike any other neutron-shell closure [38, 40]
including N = 28 [7], the magic number N = 20 has no visible influence on the development
of the charge radii. They increase smoothly across N = 20 without showing the usual shell
effect. This has been explained by a cancellation of monopole and quadrupole polarization
of the proton core under successive addition of valence neutrons [1]. The effect of monopole
core polarization is included in the SGII Skyrme-type HF model calculations. With the
semi-empirical correction for quadrupole core polarization (see Section 4) of the even-even
nuclei, the experimental results are essentially reproduced. For Ca it was shown [2, 3] that
also higher-order core polarization associated with the low-lying collective states of different
isotopes plays an important role. The additional unpaired proton in the K isotopes generally
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FIG. 4: Mean square nuclear charge radii versus proton number. The isotonic curves for N = 22,
24, 26 and 28 are presented. To distinguish between the nearly coinciding curves for N = 22 and
24, we have shifted N = 24 by +0.1 fm2, thereby not changing the relative order.
reduces these core-polarization effects, again entailing a continuous increase of the charge
radii across N = 20.
The situation is different for the isotonic Z-dependence 〈r2〉Z shown in Fig. 4 for the
radii around the proton-shell closure Z = 20. As the slope of these curves involving different
proton numbers is much steeper, they seem to be nearly parallel straight lines. However,
if one ignores for the moment the odd-Z element K (Z = 19)(affected by an odd-even
staggering in Z), it is clear that a slope change at Z = 20 develops towards N = 28. This
corresponds to a shell-closure effect stabilizing when the νf7/2 shell is filled. The same effect
is reflected in the relative distances and slopes of the isotope-dependent curves 〈r2〉N below
and above Z = 20. An odd-even effect in Z, as observed for the K radii, seems to be most
pronounced in the middle of the νf7/2 shell. To complete the picture, it would be instructive
to collect more complete data for Z > 20, particularly on the Sc (Z = 21)isotopes which
have a single proton in the f7/2 shell.
The odd-even staggering (OES) of 〈r2〉N for the different elements is presented in Fig. 5.
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FIG. 5: Odd-even staggering D as defined by eq. (9) for the odd-N and even-N isotopes of Ti (full
diamonds), Ca (full squares), K (open circles) and Ar (full circles).
It is expressed in terms of the quantity D which is defined as the deviation of the ms radius
of a particular isotope from the average of the ms radii of its direct neighbours:
D = 〈r2〉N − 1
2
(〈r2〉N−1 + 〈r2〉N+1)
= δ〈r2〉20,N − 1
2
(δ〈r2〉20,N−1 + δ〈r2〉20,N+1) . (9)
Already the presentation of Fig. 3 shows remarkable differences in the OES of the radii
of the f7/2-shell isotopes for the elements around Ca. In heavier nuclei the OES effect is
usually fairly constant over extended ranges in Z and N , except for the rare cases of sudden
structure changes [40]. Here, in the calcium region, the staggering behaves regularly only
within individual isotope chains. This is expressed by the fact that the N -dependence of
the differential quantity D, as plotted in Fig. 5, follows very well the Zamick-Talmi [20, 28]
formula (7) describing the OES for each element by a single parameter β. The parameters
for Ar, K, Ca and Ti were evaluated from the data and are listed in Table 4. The different
values of β quantify two peculiarities which are as well obvious from the figures: (i) Of the
even-Z elements, Ca (Z = 20) clearly exhibits the maximum OES effect which is reduced
to about 70 % for Ti (Z + 2) and 50 % for Ar (Z − 2). (ii) A very small OES effect of only
20 % is observed for odd-Z case of K (Z − 1) which has a single proton hole in the sd shell.
Qualitatively the OES of radii as a function of N is associated with the reduction of core
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polarization due to unpaired nucleons [41]. This mechanism also provides a straightforward
explanation for the odd-even effect as a function of Z as observed in Fig.4 for K with Z = 19.
A quantitative theoretical interpretation of the well-known effect in N has been hampered by
the fact that detailed calculations use somewhat inconsistent models in treating even-N and
odd-N nuclei. The present exceptional case of a pronounced Z-dependence of the OES effect
in the calcium region may provide the clue for a clear-cut phenomenological interpretation.
Existing theoretical calculations reproduce only partly the characteristic features of the
experimental data shown in Figs. 3 and 4. For example, calculations in the framework of
relativistic mean-field (RMF) theory have been performed by Werner et al. [42] and by
Lalazissis et al. [43, 44]. In particular for the Ca case the predicted δ〈r2〉 curves are much
less structured than the experimental data, also failing to reproduce the parabolic feature
observed between N = 20 and 28. Although the predicted smooth change of the charge
radii over a large range of neutron numbers seems to be consistent with the absence of a
noticeable shell effect at N = 20, it misses the pronounced minimum for 48Ca at N = 28
and the steep increase to 50Ca [7]. While the experimental radii of the neutron-deficient Ar
isotopes continue decreasing to the middle of the sd shell, the theoretical predictions suggest
a flattening or even an increase towards the proton drip line. On the other hand, the same
RMF calculations predict the observed negative slope of the Ti charge radii ranging from
N = 22 to the N = 28 shell closure. Furthermore, the RMF theory makes no predictions
for odd-Z or odd-N nuclei, thus disregarding the pronounced odd-even effects in N and Z.
More insight may be expected from a systematic extension of the shell-model calculations
[4] that were rather successful in reproducing the radii of the Ca isotopes. Here the key
point was the promotion of sd-shell protons into the pf shell, with the corresponding partial
breakdown of the Z = 20 shell closure. This effect obviously depends on the number of
protons and will be reduced for the Ar isotopes which have two protons less.
VI. CONCLUSION
The hyperfine structure and isotope shifts measurements on 40−44Ar performed in the
present work, in addition to the previous data on 32−40Ar and 46Ar [1], give insight into
the development of the ms charge radii over a long sequence of Ar isotopes. The range
of neutron numbers (N = 14 to 28) covers the upper half of the sd shell as well as the
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whole f7/2 shell. For the even isotopes, the variation of the nuclear radii can be related
to the variation of quadrupole core polarization as it is reflected in the measured B(E2)
values. Corrections for this deformation effect change the smooth trend of the charge radii
which is theoretically predicted by spherical Hartree-Fock calculations with the SGII Skyrme
interaction. A parabolic function based on the shell model [20, 28], which also includes the
odd-even staggering, fits surprisingly well the experimentally observed changes of the radii
between the shell closures N = 20 and N = 28. This fit is even better than for the Ca
isotopes [28], although the formula implies the presence of a closed proton shell. To quantify
this description, theory would have to develop a method of calculating the parameters C,
α and β in eq. (7) in the framework of advanced shell-model approaches. This would also
clarify the origin of the two-body part in the effective radius operator of [20].
From the hyperfine structures, the magnetic dipole moments and electric quadrupole
moments of 41Ar and 43Ar, and in particular the spin of 43Ar have been determined. These
data provide detailed nuclear-structure information and may serve as a further test for shell-
model calculations in a sd-fp model space.
The results of this paper contribute substantially to the systematics of ms nuclear charge
radii in the calcium region. This is shown in a comparison of the new data on Ar isotopes
with earlier data reported for Ca [2, 7, 36], K [5], Ti [6] and Cr [8]. We obtain a more
complete picture of the region around the shell closures Z,N = 20 and 20 ≤ N ≤ 28. The
characteristic features of isotopic and isotonic nuclear radii variations are discussed with
respect to those observed in other regions of the nuclear chart. Most striking peculiarities
are the absence of a shell effect at N = 20 and the different behaviour of the ms charge radii
〈r2〉N between N = 20 and 28 for neighbouring elements around the magic proton number
Z = 20.
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